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- ABSTRACT

o

:$E Flow through a transonic compressor cascade model was

;ﬁ : investigated at M = 1.4 using flow visualization and pressure
A)

le‘ measurements. Shock patterns for two different blade inci-

L

-

dences were documented at increasing back pressures. Data
were taken up to a maximum pressure ratio of 1.53 at estimated
minimum loss incidence conditions. An obligue shock system

persisted, producing large flow turning (6.8°) and a slightly

supersonic exit mach number (1.02). Losses and blade pressure
S loading were calculated using a combination of test data and

computational approximations. Failure of blade retaining tabs

j';’~ occurred with both aluminum and steel cascade blades. Failures
S were attributed to fatigue from high oscillatory stress levels

ji; and redesigned blade mounts were proposed.
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I. INTRODUCTION

The work presented here reports and analyses data acquired
from a blowdown transonic compressor cascade. An infinite
cascade can be used to model the flow on a stream surface
through a given blade row in an axial turbomachine. The two-
dimensional geometry allows the use of measurement techniques
not generally available in the rotating machine and greatly
reduces the complexity of the required calculations. The
present cascade apparatus 1s located in Building 230 at the
NPS Turbopropulsion Laboratory (Figs. 1 and 2). The cascade
was designed and built in 1978 [Ref. 1] to model the flow
through the rotor tip section of the laboratory's single
stage axial-flow transonic compressor. Operating in a blow-
down configuration at a design upstream stagnation pressure
of 50 PSIA produces a uniform two-dimensional flow at Mach
1.4 entering the blade row [Ref. 2]. Current air storage
facilities provide 2 minute run times.

Modifications to the cascade prior to the present study

Eg enabled flow visualization by schlieren optics and variation

Ef of test section back pressure. A flow visualization capa-

E: — bility was developed in the present study to augment pressure
Eﬁ data in interpreting the flow structure in the cascade. The

I

Eﬁ back pressure control was required to obtain a simulation of

| the compressor operating conditions with static pressure

ﬁ; ratios of greater than 1.0 through the blade row [Ref. 2].




The experimental program reported here was aimed at

understanding and documenting the flow behavior in the

cascade in order to assist in the interpretation of the
measurements obtained in the transonic compressor. Shock
position and strength were of particular interest.

Varying static pressure ratios through the blade row
from less than 1.0 to a maximum of 1.53 failed to produce
the expected [Refs. 3,4,5] normal shock at the blade passage
entrance. Increasing test section back pressure resulted in
increased blade trailing edge oblique shock angles. The
mass-averaged blade row exit Mach number was found to vary
from a maximum of 1.56 with no back pressure control to a
minimum of 1.02 at maximum back pressure.

Blade structural problems were manifested in fracture
and cracking of the support tabs. The original aluminum
blades were replaced with steel blades but these also
experienced fallures. Flutter 1s suspected as being the

probable cause of the failures.




IT. APPARATUS AND INSTRUMENTATION

i A. GENERAL DESCRIPTION
'é&% The transonic cascade can be operated in two configura-
E&?: tions. One system employs test section side walls of solid
izi aluminum with 89 wall static pressure taps for data acquisi-
;ff: tion (Fig. 3a). This configuration was used in early testing
20 and calibration studies [Ref. 2]. A second set of side walls
‘gij with Plexiglas windows for flow visualization was bdilt in
352 1983 [Ref. 6]. These windows permit observation of flow

:a; conditions in the three center blade passages (Fig. 3b).

f;g; All of the results reported here were obtained using the
-{:i windowed sidewalls.
V;ﬁ‘ Pressure data acquisition from the windowed sidewalls
1&?2 was limited to 18 wall static pressure taps, 12 of which were
E;d located downstream of the test section (Fig. 3b). Table 1
‘iij lists the locations of these static taps referenced to the
%éﬁ coordinate system defined in Figure 4. Schlieren photographs
;ﬁ; and shadowgraphs provided the principal data for test runs
5?5 with the tunnel in this configuration.

LR

2;3 A single pass continuous light schlieren system [Ref. 7]
~%E was developed. A spark gap light source was obtained on loan
li% from NASA Ames Research Center for shadowgraphs of unsteady
ii% : or very high speed flow phenomenon. A diagram showing opti-
;T; cal components and light paths for the two systems 1is

22
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- rotating the eccentrically mounted drum into the flow path

Eﬁ: presented in Figure 5. Both systems employed common optics
jii from mirror 1 (Fig. 5) to the camera/viewing screen. Photo-
?;, graphs were taken with a Polaroid camera to document flow
_E;: behavior. Details of the optical system design, setup and
'%f operation are given in Appendix A. .
{E&: Pressure data from the test section was measured on a
E?: 96 inch Meriam mercury manometer referenced to atmospheric
A
s pressure (Fig. 6). The tubes were filled to 75 inches of
ii? mercury under static conditions to accommodate subatmospheric
ﬁg} starting pressures as well as the nearly 2 atmospheres antici-
:55 pated at the test section exit once test conditions were

i
Eﬁi established. Mercury column heights were recorded photo-
E;& graphically during the tests and the negatives were mounted
o as slides to be read manually for data reduction.
'iﬁ Upstream stagnation pressure was monitored on and read
:3? from a Heise absolute pressure gauge.
_- B. BACK PRESSURE CONTROL
’Eﬁ Back pressure control was provided (for the first time)
;Eg by a specially designed "ramp-and-drum”" throttle valve
gg located downstream of the test section (Fig. 7). After the
Esj flow was started through the test section the ramp was
E&; actuated by a pneumatic cylinder to the full up position
&gg (Fig. 8). Back pressure control was then obtained by steadily

Efi reducing the exit gap. DMinimum exit area for a given flow
E
3
:




condition gave the maximum back pressure attainable. The
effects of back pressure variation on flow through the blade
row were simultaneously monitored on the Schlieren system
viewing screen and the manometer. Details of back pressure

valve operation and adjustment are given in Appendix B.

C. POROUS WALL MASS FLOW CONTROL

Cancellation of wave reflections and alieviation of
model blockage depended on the net flow allowed through the
porous wall (Fig. 2) in the test section upper nozzle block
[Refs. 2,3,8]. Wall bleed rate was controlled by restricting
the exhaust from the small plenum located behind the porous
wall. The porous wall exhaust control valve (Fig. 9) pro-
vided variable restriction of exhaust flow from fully closed
(capped) to wide open (vented). Static pressure in the plenum
exhaust was measured by a pipe-wall static tap. Total pres-
sure at the exhaust exit was measured by a United Sensor KBC-
12-W Kiel probe. These two pressures, on manometer tubes 19
and 20 respectively, were recorded photographically with
test section pressure data.

The effects of varying porous wall bleed rate were

monitored on the continuous light schlieren viewing screen.

D. CASCADE BLADES
The original cascade blades were machined from 7075-T6
aluminum and provided a factor of safety greater than three

for the anticipated worst case steady state loads [Ref. 1].

17




EES Cracking and fractures in the blade mounting tabs during the
»ﬁg present program of tests required the procurement of a new
;\? set of cascade blades. Preliminary failure analysis indi-

i}% cated the presence of torsional loading and fatigue not

;?z accounted for in the design. 4340 steel was therefore select-
lB‘ ed for a rerlacement set based on machining qualities, very
iﬁi high strength and resistance to fatigue. Table II provides
'§§i a comparison between the mechanical properties of 4340 steel

_ and 7075-T6 aluminum.
'E;E With the exception of the material, the replacement blades
riiz were similar to the original set. The blade retaining pins
YN

o~ were also machined from 4340 steel and bonded to the tabs

E;; using Loctite 324 Speed Bond Adhesive.

E. OSCILLATION MEASUREMENT EQUIPMENT DESIGN

EE; Equipment and procedures were developed for nonintrusive
:Eiz photo-optical measurement of very high speed flow oscilla-

é;x tions. Flow phenomena of interest included bow shock wave

'nﬁ oscillations and blade tailing edge vortex shedding. The
'}Q? technique centered on a very sensitive, high frequency

i; response photodiode which was to be 1illuminated through the
giﬁ test section by the continuous light schlieren scurce.

.2;, Proper positioning of the photodiode behind a pin-hole aper-
~;i ture would cause it to be covered and uncovered by the

.'-'-

Egi oscillating flow, producing an output which could be monitored
o

'EE' on an oscilloscope or frequency analyzer. Details of the

s

b 18
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equipment design are provided in Appendix C. Failure of the

second blade set prevented use of the equipment.
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o ITII. EXPERIMENTAL PROGRAM AND PROCEDURES

A. PRELIMINARY TESTS

-
Ca e
T
Y.t
-
DR
.

Initial testing was performed to determine the structural
integrity and behavior of new components. The tests were
conducted with the blade pressure surfaces (bottoms) aligned
with the tunnel axis and the porous wall bleed rate unre-
stricted, as had been the case in previous tests [Ref. 21}.
Throttle vélve operation and integrity were verified and the
sequencing of throttling procedures was established. Back
pressures attained during this phase were lower than those of
practical interest. Manometer response was checked for
sensitivity and tendency to overshoot during rapid pressure
changes. Only four static taps were connected, two upstream
and two downstream of the test section. The pressure tap
plumbing was adjusted to provide rapid, sensitive response
with acceptable overshoot characteristics. The Schlieren

system was set up and optimized duirng this phase of testing.

B. BACK PRESSURE VARIATION AND WAVE CANCELLATION: PHASE 1

YN A series of tests at increasing back pressure were con-

e ducted next in order to attain the expected design run con-

#h_ dition with a normal shock at the blade passage entrance.

} The blade pressure surfaces remained aligned with the tunnel
[ axls. Since the manometer behaved well at higher pressures
4 the remaining pressure taps were connected.

20




The porous wall bleed rate was adjusted at each new back

pressure. The exhaust from the porous wall plenum was
restricted to the maximum extent possible without precipi-
tating unstarting of the test section due to blockage effects.
Starting of the test section at plenum design operating con-
ditions with a partially restricted porous wall bleed rate
was also verified. The series of tests was terminated when
cracking and multiple fractures were discovered in the
aluminum blade retaining tabs.

Data from two test runs in phase 1 are reported in Chapter

Iv.

C. BACK PRESSURE VARIATION AND WAVE CANCELLATION: PHASE 2
Test runs were made with new steel blades installed and
set with the pressure surfaces rotated to 3.26° angle of
attack with respect to the tunnel axis. This setting
corresponded to the minimum loss incidence angle of 0.91° as
defined in Chapter 6 of Reference 9 and gave the set of
parameters listed in Table III. Testing was continued at
increasing back pressures in an attempt to attain a subsonic
blade row exit Mach number and normal shock at blade passage
entrance. The porous wall bleed rate was adjusted as before
to ensure correct mass flow through the throttle valve. The
tests were terminated when the leading (farthest upstream)
blade experienced failures in all four blade retaining tabs.
Data from two test runs in phase 2 are reported 1in

Chapter 1IV.
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D. TEST PROCEDURES

The general procedures followed in all test runs were
similar to those employed in previous investigations [Ref.
2) and are presented in detail in Appendix D. Flow through
the tunnel was started and controlled by the supply control

valve. When the test section had started and design supply

pressure had been established stably, the ramp was actuated.

Back pressure was then adjusted by rotating the eccentric
drum. The test conditions were monitored on the continuous
light Schlieren viewing screen and from the manometer.
Manometer pressures were recorded photographically for de-
sired test conditions. Schlieren photographs were taken as
required.

The test run was terminated when the desired data had

been obtained or when the supply pressure dropped below 50

PSIA.
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IV. RESULTS AND DISCUSSION

A. GENERAL FLOW CHARACTERISTICS

1. Shock Patterns

Continuous light Schlieren photographs of cascade
flow at blade incidences of -2.35° and 0.91° are shown in
Figures 10 and 11 respectively. The Mach waves shown
emanating from the upper nozzle block are generated by flow
interaction with holes in the porous wall. Bow shocks in
both figures show very little curvature indicating that inter-
actions with Mach waves do not significantly alter the shock
strength.

Bending of shock waves near the upper nozzle wall
surface is attributed to the presence of a transverse pres-
sure gradient in close proximity to the wall [Ref. 10]. The
porous wall produces a decrease in pressure which causes the
streamlines to bend outward, producing the shock curvature.

Blade row exit velocities are clearly supersonic in

;ﬁ Figure 10 as indicated by the trailing edge oblique shocks
;3‘ and expansions. Photos in Figure 10 correspond to a static
#',\-I

if pressure ratio through the blade row of 1.006. The average
. ’

turning angle was found graphically to be approximately 4°.

A

In Figure 11 the oblique shocks are much stronger

but exit velocities are still supersonic. The corresponding

puniiatunsnte SECTAA NS

. .
. e e v e
M ey ', L.t
. P

pressure ratio was 1.51 and average turning angle 6°.
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2. Periodicity

Bow shock angles for five blades were measured from
schlieren photographs and found to be parallel to within =3°
for a given test run. The largest variations involved the
first shock originating from the lower boundary layer scoop.
Tunnel disassembly following the tests revealed that the
right corner of the scoop leading edge was bent down slightly.
This bend is likely to have contributed to the difference in
the first shock wave'angle. Measurement uncertainty for the
angles was =2° principally due to shock width on the continu-
ous light photos. Losses through the shocks were calculated
to be very small (Appendix E) except near the blade leading
edges where the shocks were normal. Turning of the streamlines
by upstream shocks was found to be approximately compensated
for by flow expansion over the suction surface prior to
encountering the next blade. Approaching Mach numbers calcu-
lated from measured shock angles were found to be equal from
shock to shock to within the uncertainty in the shock angle

measurement.,

Small differences 1in flow structure through the two
center blade passages can be seen in Figures 10 and 11. The
di1fferences involve slightly different shock impingement
points on the suction surface of the lower blade in each
nassage, and consequently differences in the impingement of

the retlected shocks on the pressure surfaces at the top of

cach passage. It 1s noted that at M = 1.4, a change 1n shock




angle of 1° results from a change in flow angle of only 1/2°.
Consequently the differences which are seen imply relatively
small departures from periodicity.

3. Back Pressure Variation

The back pressure was varied at two different blade
incidences. The highest static pressure ratio achieved
through the blade row at -2.35° was 1.05. Changing inci-
dence to 0.91° increased the turning through the blade row
and produced a static pressure ratio of 1.24 at the same
throttle setting. Maximum static pressure ratio achieved
at 0.91° incidence was 1.53.

Figure 12 shows an example of the variation in out-
let static pressure during a test run. Blade row static
pressure ratios varied from 0.78 to 1.51 for the data in
this figure. Schlieren photographs corresponding to condi-
tions 2 and 6 of Figure 12 are shown in Figures 13 and 14
respectively.

Increasing back pressure caused the trailing edge
oblique shocks to bend farther upstream, increasing in
strength (Fig. 14) and reducing blade row exit velocity.

Large rapld 1ncreases 1n back pressure (ramp actuation)
caused bow shocks to momentarily increase in angle (become
more normal). Repeated observation of this behavior prompted
gquestions concerning upstream propagation of pressure dis-
turbances in a supersonic flow. Prince [Ref. 12] documents

other cases of similar behavior and cites pressure transmission

to
wl




through corner boundary layers between airfoil surfaces and

tunnel sidewalls as the likely mechanism.

B. WAVE CANCELLATION

Cancellation of reflected waves was found to occur inde-
pendent of porous wall mass flow control. Mass flow control
was effective in minimizing the strength of the Mach waves
generated by the porous wall (contrast Figures 1l0a with 10b
and lla with 1llb for example). Optimum wall bleed rate was
found to be a function of blade incidence and test section
back pressure. Figure 10c illustrates partial test section
unstarting caused by excessive restriction of the porous wall
mass flow. The porous wall provides compensation for test
section physical and viscous blockage in addition to wave
cancellation. Unstarting in Figure 10c was attributed tc
restriction of porous wall bleed to the point where insuffi-
cient blockage compensation was provided.

Increasing blade incidence to 0.91°allowed complete
closure of the porous wall bleed control without producing

unstarting (Fig. 11lb).

C. CASCADE DESIGN AND PERFORMANCE

Blade row design inlet conditions in phase 2 were set as cal-
culated in Reference 1 following Chapter 6 of Reference 9.
Minimum loss incidence angle determined the design point.
This angle corresponded closecly to the incidence recommended

for blading with supersonic relative inlet Mach number in




Reerence 1l1. The steel blades were set to the design inci-

dence condition when first installed.

Inaccuracies in the design calculations for the transonic
compressor blading [Ref. 5] being modeled by the present
cascade resulted in insufficient information being available
to specify, with certainty, the design blade row exit condi-
tions. Near sonic exit velocity was anticipated with a
pressure ratio through the blading of approximately 1.5.
Performaiice calculations at maximum back pressure (Appendix
E) gave a pressure ratio of 1.53 and mass averaged exit Mach
number of 1.02. However, the predicted normal shock at the
blade passage entrance was not present at this test condition.
A velocity diagram depicting design inlet and maximum back
pressure exit conditions is shown to scale in Figure 15.

Losses calculated using the flow model in Appendix E re-
flect only the shock losses. "Design" calculations in
Appendix F account for profile, secondary flow and shock
losses. There the shock losses were calculated using the
method of Wennerstrom [Ref. 13]: however it is noted that
this model is based on a normal shock occurring at the blade
passage entrance and, in fact, only oblique shocks were
found to be present. A summary of profile, secondary flow
and shock loss calculations based on the blading geometry
and test parameters is contained in Appendix F. The total

loss coefficient obtained for the full blade in the present

cascade at design conditions was 0.145.
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D. BLADE FAILURES

Failure of the blade mounting tabs occurred in both
aluminum and steel blades. The initial failures (aluminum
blades) were detected between tests while realigning the
optical system when a sharp focus on blade leading and trail-
ing edges could not be obtained. Wear marks on the Plexi-
glas sidewalls adjacent to the fractured tabs were the only
additional damage. Fracture occurred in 3 of 4 tabs on the
number 1 (farthest upstream) blade (Fig. l6a). The number
2 blade exhibited 1 fracture (Fig. 16b). Extensive cracking
was found in the vicinity of most tabs on these blades [Ref.
14] and also on the number 3 blade. The exact number of tests
conducted prior to failure is not known. Reference 2 reports
fourteen tests conducted but blades were not installed for
all tests. Seven additional tests were conducted in this
investigation prior to blade failure.

Examination of the cracked aluminum blades revealed
fractures seemingly due to twisting that didn't occur at the

tab bases (Fig. l6a) where the sharp corners created stress

concentrations. Torque applied to retaining screws intended
to provide alr seals to prevent them from vibrating loose
during tests, and fatigue associated with test section

vibration, were considered to be the most probable causes.

Reference 14 gives a detailed analysis of the failure of the

aluminum blades.
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Failure of the aluminum blades led to a search for a

better material. Graphite epoxy composite blades were con-
sidered briefly for their high fatigue resistance, but were
rejected because of the serious difficulty in meeting the
surface finish specification. Heat treated 4340 steel was
selected based on very high strength, excellent fatigue
resistance and good machining qualities.

Reexamination of test conditions used in phase 1 revealed
an inconsistency in the marking of the scale for rotation
of the test section. Selecting 0° on the test section side-
wall rotational scale actually corresponded to -2.35° inci-
dence. This was considered to be an adverse run condition.
Subsequent testing was therefore conducted at design
incidence.

After six successful test runs with the steel blades in-
stalled, failure of all 4 blade retaining tabs during run
seven, resulted in the loss of the number 1 blade from the
test section (Fig. 17). The aft tabs appear to have failed
first since a wide arced scratch was generated on the left
sidewall near the trailing edge, presumably before the blade
was completely free (Fig. l7a). The blade leading edge also
flexed down gouging the right aft section of the lower
boundary layer scoop (Fig. 17b). Several other gouges were
inflicted in the sidewalls as the blade made its way out of
the test section. The throttle valve and exhaust duct were

free of damage.
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> Figure 18 shows a series of Schlieren photographs taken
N
. during the failure. The blade is still present in Figure 18a

but is missing in subsequent photos. Flow breakdown caused

|
,E;ﬁ by the missing blade is evident in Figures 18c and 18d. i
”Ei: A comprehensive failure analysis of the steel blade 1is i
L ‘
) in progress. Steady loads calculated from both deduced

oo
X f: pressure distributions (Appendix E) and blade design assump- |
SES tions (Appendix F) are well below the load carrying capability

' of the tabs. Fracture of the steel blade did occur at the
?;a; tab base but evidence of twisting was still present. No
Sié air seal (retaining) screws were used with the steel blades
‘Efi eliminating the possibility of mechanical torque being unin-
&3 tentionally applied to the blade tabs.

v

LY .
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Fatigue 1s suspected as being ultimately the mechanism

']

of blade failure. Test section vibration was noted on all
test runs but quantitative investigation of frequency and

amplitude was not attempted. It appears that the blades may

have encountered a flutter condition at the higher back ‘
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pressures.
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V. CONCLUSIONS AND RECOMMENDATIONS

Experimentally acceptable flow periodicity was verified
by schlieren photographs and downstream static pressure dis-
tributions for a wide range of back pressures (pressure
ratios from 0.78 to 1.53). Small deviations that were noted
can be reduced by straightening the leading edge of the
lower boundary layer scoop. Thus this small (but effectively
"infinite") cascade model can serve as a tool for gaining
insight into the complex transonic compressér rotor flow
field characteristics.

The maximum back pressure test condition at minimum loss
incidence closely reproduced the design pressure ratio and
exit Mach number documented in the transonic compressor de-
sign notes. Large discrepancies were found however between
design and cascade measurements of turning angle through
the blade row and shock structure. Design calculations
predicted a turning at the tip of 0.58° and a normal shock
was expected to appear in each blade passage. Cascade data
showed a fully oblique shock structure and an average turn-
ing of 6.8° was measured from Schlieren photographs.

The cascade performance calculations carried out were
preliminary and require many approximations and assumptions.
The validity of the calculative model can be tested by
static pressure measurements through the blade row and

downstream measurements of flow angle and total pressure.
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o~
(e 1
o, The throttle valve provided an effective means of varying |
o |
N and controlling back pressure. The precise positioning pro-
- vided by drum rotation allowed reproducible uniform down-

- stream pressure boundary conditions to be controlled as |
o |
S ) . !
‘:ﬁ necessary for simulation of actual compressor blade row |
R conditions.

'

ey Integrity of the components of the apparatus was also

iﬁ verified over a wide back pressure range. The blades were

-:‘.n

. the only components to experience failures. A full under-

e standing of the blade failure mechanism will require further

:ﬁ: testing to ascertain blade fundamental frequencies, test

_ section vibration characteristics and cascade aerodynamic

o flutter boundaries.

4"_:

}: Recommended modifications to the apparatus include the

r--
ke following:

N .

iy 1. Incorporation of a probe for total pressure and flow

e angle measurement downstream of the test section.
;}E Traversing mechanism requirements include sidewall
K. to sidewall movement at various points downstream
C) of the cascade exit plane. Installation difficulties

e could be minimized by incorporating this instrumen-

o tation in the solid aluminum sidewalls.
.it 2. Blade retaining tab redesign would provide an alterna-

A tive to extensive flutter investigations. A single

y continuous tab on each side of the blade (Fig. 19)

e faired at the base to reduce stress concentrations

-~ would provide a 2003% increase in load carrying arca.

S These tabs would fit into slots in the test section

e sidewalls. This design also allows elimination of
e the round mounting pins which obscure flow visuali-

L zation over parts of the blade surfaces.
- If the blade structural problem is solved cascade inves-

ﬁ? tigations should be aimed at acquiring the following data

!E for the current maximum back pressure test condition:
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Blade row static pressure distributions

‘fotal pressure losses through the blade row

Flow turning angle

Documentaticn of unsteady phenomena using spark

shadowgraphs and high speed electro-optical
equipment.
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TABLE I

PLEXIGLAS SIDEWALL STATIC PRESSURE TAP LOCATIONS

STATIC PRESSURE TAP COORDINATES

Left Sidewall 1
Pressure Tap No. 1 X = -4.500 Y = 0.075
Pressure Tap No. 3 X = 0.000 Y = -4.500
Pressure Tap No. 5 X = 4,500 Y = 0.075
Pressure Tap No. 7 X = 7.600 Y = 3.870
Pressure Tap No. 9 X = 7.600 Y = 1.870
Pressure Tap No. 11 X = 7.600 Y = -0.130
Pressure Tap No. 13 X = 7.600 Y = -2.130
Pressure Tap No. 15 X = 7.600 Y = -4.130
Pressure Tap No. 17 X = 7.600 Y = -6.130

Right Sidewall

Pressure Tap No. 2 X = -4.500 Y = 0.075
Pressure Tap No. 4 X = 0.000 Y = -4,500
Pressure Tap No. 6 X = 4.500 Y = 0.075
Pressure Tap No. 8 X = 17.600 Y = 3.870
Pressure Tap No. 10 X = 7.600 Y = 1.870
Pressure Tap No. 12 X = 7.600 Y = -0.130
Pressure Tap MNo. 14 X = 7.600 Y = -2.130
Pressure Tap No. 16 X = 7.600 Y = -4.130
Pressure Tap No. 18 X = 7.600 Y = -6.130
34
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TABLE II

MECHANICAL PROPERTIES OF 7075-T6 ALUMINUM AND 4340 STEEL

7075-T6 4340
yleld strength 73 KSI 200 KsI
tensile strenth 83 KSI 211 KSI
% elongation 11 10
Brinell hardness 60 426

TABLE III

CASCADE BLADING DESIGN PARAMETERS

Stagger Angle (y): 59.743°
Camber Angle (3): 4.7°
Solidity (o): 1.4
Blade Chord (c¢): 1.882 in
Air Inlet Angle (31): 63.0°
Minimum Loss Incidence

Angle (1i): 0.91°
Deviation Angle (%°): 1.39°
Turning Angle (..): 4.,25°
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Transonic Compressor Cascade Apparatus
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Manometer Board

Toward the 96"

View

6.
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Figure 9. Porous Wwall Bleed Control valve
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a. Unrestricted Porous Wall Bleed

LN
)
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Tt

b. Optimum Porous Wall Bleed

Figure 10. Cascade Flow at =-2.35° Incidence




Excessive Porous Wall Bleed

cC.

(CONTINUED)

Figure 10.
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a. Unrestricted Porous Wall Bleed

b. Optimum Porous Wall Bleed

Figure 11. Cascade Flow at 0.91° Inciricnce
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Figure 13. Cascade Flow at 0.91° Incidence and Pressure
Ratio of 1.07

-,
N

Figure 14. Cascade Flow at 0.91° Incidence and Press.ar.
Ratio of 1.51
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Figure 15.

Velocity Diagram Deduced from Measuremen
for the Cascade at Minimum Loss Incidenc
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a. lst Blade from Upstream

Figure 16. Failed Aluminum Blade
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b. 2nd Blade from Upstrean

Figure 16. (CONTINUED)
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e a. Prior to Blade Failure

bt
‘l

:f; b. Flow Breakdown 1 '

Sy Figure 18. Flow Characteristics During and Subseguent
- to Steel Blade Failure
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c. Flow Breakdown 2

L d. Flow Breakdown 3

Figure 18. (CONTINUED)
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APPENDIX A

OPTICAL SYSTEM OPTIMIZATION

Al. BACKGROUND

Each application of Schlieren optics for flow visuali-
zation 1s different depending on the equipment available,
the physical constraints of the wind tunnel environment and
the desired observations. System sensitivity 1is increased
by a factor which depends on the number of light beam passages
through the test section [Ref. 7]. An even number of passes
can be used to cancel distortion produced by refraction in
the sidewalls. Simple systems lead to increased reliability
and provide relative ease of alignment. A simple, single

pass system was selected for the present application (Fig. 5).

A2. SYSTEM COMPONENTS
Characteristics and performance parameters for the
optical system components are listed below:
1. 1000 watt continuous light mercury vapor source used
for Schlieren photography and test section flow

monitoring (Fig. Al).

2. 200-300 nanosecond spark light source used for
shadowgraph photography (Figs. A2 & A3).

3. Parabolic front surface mirror with 97.5 inch focal
length (mirror 1 in Fig. 5).

4. Parabolic front surface mirror with 48.0 inch focal
length (mirror 2 in Fig. 5).

5. Front surface flat mirror used to select betwecen
light sources (Fig. A4).
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6. Camera/viewing screen with shutter capable of
manual operation or automatic exposure times down
to 1/1000 of a second.
7. Spectra Physics 155 Helium-Neon laser with a 0.95
milliwatt output at a wavelength of 632.8
nanometers (for system alignment).
A3. SETUP
For Schlieren system operation the test section event
must be in focus at the camera/viewing screen and the knife
edge (Fig. A5) must be placed at the focal length of the
mirror immediately upstream in the light path (mirror 2).

Desired image size at the camera/viewing screen is related

to object size and mirror focal length by the equation

l/0 + 1/1 = 1/f (Al)

where o 15 the object distance, 1 1s the image distance and
£ 1s the mirror focal lergtnh [Ref. 15]. An image magnifica-
tion of 1.0 was selected for the present application based
on test section and camera sizes.

Hirror focal lenagths nust be known and must be compati-
ble -ith the desiar of the system. Unknown focal lengths

were determined bLv taring an infinitely distant source (dis-

tance oycar Leenstn and neasuring the distance from the
Tirror o the conarar snot o size of the reflected source.
i ot qr Lenatnooor mnrror 2 and the desired 1mage

Spioi . ot L oroar marror distance from the object (test
A o ot e wnite edae and camera/viewlng screen.

st bee laced at the focal lenath of

20)
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mirror 1 (Fig. 5). A flat mirror that could be moved in and

out of the light paths was used to select between the con-
tinuous and spark light sources. There is no restriction
on the distance from mirror 1 to the test section provided
a parallel beam can be maintained. System sensitivity 1is a
function of source intensity and the angles made by the
light paths [Ref. 7]. Minimizing these angles helps to
maximize sensitivity for a given syst m. Optimum component
positioning subject to all these considerations determined

the present opticél system geometry.

A4. ALIGNMENT

Optical axis alignment is critical for minimizing
distortion caused by refraction in a single pass system.
Minimum refraction occurs when the axis is perpendicular to
the test section sidewalls. Perpendicular alignment was
obtained using a laser A suitable low power laser with
visible output was directed through the test section to
mirror 1 (Fig. A6). A laser beam perpendicular to the test
section sidewalls produced a single focused speckle pattern
on entry and another on exit from each sidewall. Misalign-
ment gave multiple reflections. The beam position was ad-
justed until it passed through the center of the test section
and produced only 4 speckle patterns. Mirror 1 was then
repositioned to center the laser spot and adjusted to reflect
the spot to the center of the spark light source. This was

an iterative process since correct focal length had to be
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maintained. Once the spark source was aligned, the flat
mirror was raised and repositioned to center the laser spot.
The adjustment process was then repeated to center the laser
spot 1in the continuous light source slit.

Once the light paths upstream of the test section were
aligned the laser was repositioned to fire through the test
section toward mirror 2. The same process of movement and
adjustment was used (with knife edge retracted) to center the

spot in the viewing screen.

AS5. VERIFICATION/ADJUSTMENT

When the iterative alignment procedure was completed, a
verification procedure was followed. With the continuous
light source operating, a target of concentric circles was
used to ensure that the light beam was parallel from mirror
1 to the test section and from the test section to mirror 2.

A converging or diverging beam would require another itera-

tion through the alignment process. It was also necessary
to ensure the image reached a minimum spot size in the plane
of the knife edge (Fig. A5). Small adjustments of knife edge

position could be made at the camera without requiring

realignment.

Once alignment had been verified the knife edge was moved

in to provide the desired system sensitivity for Schlieren

observations.
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A6. OPERATION

Flow field density gradient observations and Schlieren
photographs were made with the continuous light source
operating. Polaroid type 52 film with a camera shutter
speed of 1/1000 second was used for photographs. The opti-
cal system was always in this configuration (flat mirror
up and knife edge moved in) for tunnel start and the estab-
lishment of the desired test condition.

Using the spark light source for shadowaraphs required
lowering of the flat mirror and moving the knife edce aside.
With the lab darkened the ce~era shutter was opened just
prior to manually triggering the spark. Following the flash
the shutter was closed to minimize film exposure to background
light. The spark gap was adjusted to operate at 6 kilovolts.
Polaroid type 52 film was used and neutral density filters

were not required to achieve the desired contrast.
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Figure Ad4. Light Source Selectinag Mirror. {(ith Mirror

) Up, Test Section Is Illuminated Wit:. Continuous
L Light Source. With Mirror Down, Test section
- Is Illuminated by the Spark Source.)




_—p— — o - Y T Y et ant aeale il sl voon G o dir U 4 A S S i gt h APe A% A
ao A A Al A Bt A et St ot AR Palint dias e ab gt g tall et e bt 2k S AN A R\ MMM ARG AT A e S S i R v Ywqvwvivwd Cf T

Schlieren Knife Ldge

A5 .

Flgure

ha

. . . e e e e e e e e e - e e e e, e, St T e e
- o« . L T T . - - . . DR T R , PRESP PR
oo . "o = e . - . - PR I A N B .
-

e e RIS .t . et DRI TS S S T I AR S el T
AT P PP PO P CT RS L S RY S0 57 BR ERE SL AL N PPV R 0 U0 VL PR T R0 W AP bk

LIS S C e
oA ns alas alale a




B TR A Aam At Ate A4 4o Nag dre Boa Bog A0 -e Sth g o pie Sta S DAl Al A 2ok Rulk Sal Jaal fufl Bl WYY

WO

N

&

¢

Ryt

69

N o

PR Tt - VT
P b <

R - e .

* L " -
alalua

N T SO - S0 TP S TSI S S S

R R N RO
PRI IS VN N NSO W

- . N T T N e T RN « ot
A d A AR AT AN A AT s AMA AR A

WYEEWT WA ANTITTIFETWEEEY T TR TR T VTR T Y

(Laser Fires Through the Test Section

Sidewalls to Provide a Perpendicular Optical Axis
for Alignment.)

Laser Alignment.

F'lgure Ab.




APPENDIX B

BACK PRESSURE CONTROL

Bl. BACKGROUND

Back pressure control in the cascade was necessary to
produce a simulation of the flow conditions in a compressor
blade row [Ref. 2]. The ramp-and-drum throttle valve
assembly was designed in 1983 [Ref. 6] to meet this need.
Operational requirements included quick, easy actuation,
precise controllability and negligible blockage to the flow
when not in use. The general arrangement of the assembly is
presented 1n Figures 7 and 8. Figures Bl and B2 show the
ramp control valve and ramp actuator respectively. The
3-spoke wheel for manually positioning the drum is shown in

Figure B3.

B2. OPERATION

On the first test run with the throttle assembly in-
stalled the ramp was sucked up prematurely by supersonic
flow through the valve. On subsequent tests the ramp was
held down by supplying 100 PSIA shop air to the down side of
the ramp actuator (Fig. B2). Once the test section had been
started and an upstream stagnation pressure of 50 PSIA was
established, the ramp was actuated by overdriving the shop

air with high pressure nitrogen. Ramp position during

-
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testing was either full up or full down since there was no
purpose or mechanism for selecting intermediate positions.

With the ramp up, back pressure was varied by movement
of the eccentric drum (Fig. 7). Control positions (Fig. B3)
corresponding to drum flush with the passage sidewall (0%
drum) and maximum extension (100% drum) were measured.

Total travel was measured to be (0.488 inches which corres-

ponded to approximately 5.6 square inches of available area
change. Drum position settings corresponding to flush and

maximum extension were 180° apart (Fig. B3). The flow was

always started with a setting of 0% drum.

Friction provided by a rubber lining in the drum housing
proved to be effective in setting and maintaining a desired
drum position. Excessive friction rendered the drum vir-
tually immovable while insufficient friction allowed the
drum to rotate and change its setting. Friction was ad-
justed using the retaining hardware.

A small, unpredictable amount of leakage past the throttle
valve components was inevitable. This necessitated a trial
and error approach to adjusting the ramp-to-drum gap for a

desired backpressure, but this presented no difficulty.

B3. ADJUSTMENT

The gap established by ramp actuation alone set the
lower limit of the throttling range. Drum travel provided a
range of throttling capability above this lower limit. By

increasing the ramp extension the throttling range was
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shifted to higher back pressures. Ramp extension was in-
creased by lengthening the ramp actuator. finimum gaps
. were measured before and after each adjustment by selecting
100% drum and slowly raising the ramp. A plug of clay on
the ramp was deformed by contact with® the drum. Measurement

of the minimum clay thickness provided a measure of the

PR - T

minimum gap.
In each adjustment the actuator was lengthened by only
a percentage of the previous gap (50%) to insure unstarting

of the test section with 0% drum selected would be avoided.
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APPENDIX ¢

FLOW OSCILLATION MEASUREMENT

Cl. BACKGROUND

B Numerous studies have documented unsteady flow phenomena
1ln transonic compressors and cascades (e.g., Refs. 16 and 17).
N Trailing edge vortex shedding and shock system oscillation

el are of particular interest. Vortex shedding has been postu-
lated as a mechanism for driving shock system oscillation

N [Refs. 16,17]. Movement of the shock system about an aver-

: age position results in shock Mach number variation with

a corresponding variation in shock strength. The nonlinear

NN

increase in entropy across a shock with increasina Mach

%
.

number results in a net increase in losses due to shock

oscillation [Refs. 16,17,18].

.I l'
‘l ‘h -

R ARV

Heinemann et al., developed a nonintrusive electro-

oy

C)‘ optical method of measuring vortex shedding frequencies in

':5 a transonic turbine cascade [Refs. 19,20,21]. These methods
o have been adapted and modified for use in measuring shock
oscillation frequency as well as vortex shedding in the
NFS/TPL transonic compressor cascade (Fig. Cl). Because of
blade failures, the measurements were not carried out.

o tiowever, the design of the measurement system and the intended

v procedures are described herein.

o 76




C2. SYSTEM COMPONENTS
Characteristics and specifications for the measurement
system components are listed in the following paragraphs.

1. Sensor (Fig. C2): The sensor assembly contains two
key subcomponents, an LKUV-1100BQ photodiode and a
0.003 inch pinhole. The HUV-1100BQ is a silicon
photovoltaic detector with high sensitivity in the
ultra violet range and very high frequency response
(up to 5 megahertz). Operating data and performance
specifications for the HUV-1100BQ are listed in Table
Cl. The photodetector is mounted to the back of the

laser drilled pin hole (Figs. C3 and C4). Discussions
with Heinemann indicated the pin hole must be small
in relation to the event of interest. 0.003 inches

was estimated to be nearly an order of magnitude
smaller than the shock width which was the limiting
dimension (shock width taken from steady flow Schlieren
photographs) .

2. Support stand: A vibration damped support stand was
constructed to hold the sensor. Mounted atop the
support was a positioning device capable of accurate
movement in vertical and horizontal directions.

3. Tektronics model 551 oscilloscope: Used for
monitoring sensor output.

4. 1000 watt continuous light Schlieren source: Illumina-
tion of the test section 1s provided by the continuous
light schlieren source. The majority of output energy
from the mercury vapor lamp is concentrated in the
ultra violet region of the spectrum and dictated the
selection of a sensor with nhigh sensitivity in this
range.

C3. MEASUREMENT PROCEDURES

The sensor must be prepositioned prior to tunnel start-

BN
L

ing. This position will be determined from Schlieren photo-

. 4
‘id s

graphs and shadowgrapns (spark gap shadowgraphs are reqguireda
Bl ; i

=
- to resolve vortex shedding from photoarapns) taken at the
desired run condition. After locating the desired event with

reference to the test sectlion the sensor can be positioned
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by a process of laser alignment. The laser would be directed

o
e M

DR

through the test section at the point corresponding to the

Nl
L

event of interest to the sensor.

Small adjustments of position to optimize the sensor
output will be required with the tunnel running while moni-
toring the oscilloscope. Oscilloscope traces can be recorded
photographically to provide the desired frequency data.

Once freguency measurements are completed shock wave
oscillation amplitude can be estimated by traversing the
sensof in the direction of shock oscillation. By noting the
distance traversed from the onset of oscillation to the
point where oscillations disappear the amplitude of the

oscillation can in principal be deduced.

TAELE C.1

HUV-1100BQ OPERATING DATA
AND PERFORMANCE SPECIFICATIONS

Actlve Area 5.1 mm

Zpectral Range 185-1150 nm

Frequency Range DC-5 MHZ i
Slew Rate 12 Volts/.. sec |
Supply Voltage 5 to -18 Vvolts

Supply Current 50 milliamps at -15 Volts

Power Consumption 150 milliwatts at 15 Volts

Operatingy Temperature 0 to 70°C

73

.- - - -
- - . -

R T A T T R M S, i Ve M S S, W A R ., SUUL A SR Vo iy UL, ST TR YU UL U L U, ) ¥ SR, WAL SO, SO OO ST ARG, ST SIS YR P



ynode’] snjeaeddy juswsanses)] UOTIRTITIOSO 1D 2anbrJg

Isneyxa SESETLINTY
aatea
ainssaiad adanos
yoeq uaiaj [yo§
10111W _ -7
1813 e
WS Jueydsw =-A!./ -
adodso[[12s50 $utuotaysod - RN fon)
T~ l_ r~
~ . [ 1oi1ym
~ae
uoy133s T
By N1 2 (PSS
10suas um:a:xu\\
T1em snoiod
A1ddns
1amod
uaiayyoss
{
e T adid Addns
\\\‘
\\\\\ .
-1
- .q
_~4p
B % e tr v A L 1 . N T DL R - LN D R R L PR
- L |..-..-...,.., . R v‘\....n...»...x ...:-... ....._.....Mr. ‘..... S ....,.... " ..“\.\.\..ﬂ.t-w\




HbuTsnojy 10suUag UOTIRTTTIOSO

*ZD 2anbrty

80




=
o]
o=
2
©
—
—
1o}
o
4]
=
—
@)
o]
@
-
T
o}
o
o}
e
[
T
=l
6]
(@)
—
9
c
-
e

Figure C3.

-'~'-“‘.--‘- -- - . -. '-~ . S e T . A.A N .- VA ) M ..'-<‘ . »‘. ; . '- . - .-\‘ ‘..“;'.

. et T At A R T PR - . . N P - e P SRS
LSRR Y VAR D D . DRV VR DA PR RPN A5 PR UL DR DAL, S NPT WA DA DS R TR/ B W S WY & R e




. W e

.
-~
—— e o

Aemping I0SUdS UOTIIRTTIOSQ "+

-

A Ak Sl A N
e

-y
I
|

R—

adoosor(1 e a3 4 T
//‘Lll

B

.

ITOA 41 ¢

i
Aansivi,

{

R —J-L--cJ—---J
¢

. v———x-— - rm————
aaaline,




-

- ~F
TR LA A |
.

i,
.

- e
Al ™

x
.

.
L4

‘.n fb'

A

.
3 ey

P

APPENDIX D

TRANSONIC COMPRESSOR CASCADE OPERATING PROCEDURES

Dl. BACKGRQUND

The following procedural checklists were developed from
previous experience [Ref. 2] and lessons learned during early
testing. The checklist format was selected to ensure that
a reproducible pattern with no omissions was followed in
every test. Responsibility for the various steps was
distributed among those preparing for and executing the
test. Pretest briefings, where the test objectives were
defined and individual responsibilities assigned, were con-
ducted prior to each run. A minimum of three people were

required to conduct a test.

D2. PRESTART CHECKLIST

(1) start Joy-Sullivan compressor

(2) pump air storage tank to approximately 275 PSIA

(3) remove tunnel exhaust cover

(4) turn on continuous light Schlieren source power
supply filaments (minimum warmup of 15 minutes
required)

(5) check Helse gauge reads atmosphereic pressure

(6) check data camera for film and proper flash operation

(7) check Polaroid film for Schlieren/shadowgraph
pictures

(€) check all tunnel attaching hardware for security
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D3.

(1)

check porous wall exhaust control valve for desired
position

turn on spark source power supply and set rheostat
to 70 (corresponding to 6 kilovolt operating voltage)

position flat mirror up for continuous light system
monitoring during test start-up and adjustments

turn on manometer light

turn on shop air to ramp actuator

turn on continuous light schlieren source
perform ramp operational check

secure Joy-Sullivan compressor (after tank has "been
pumped up)

warn people in the vicinity of noise hazard.

START/RUN CHECKLIST

vent ramp control valve and check valve closed and
ramp full down

open main supply valve

open supply control valve and bring supply pressure
rapidly to 50 PSIA

observe test section starting on Schlieren viewing
screen and/or manometer

actuate ramp with high pressure nitrogen
select desired back pressure with eccentric drum
acquire desired data

record supply pressure from Helse gauge

close supply control valve when test 1s completed
or when remaining ailr supply 1s insufficient to
maintain 50 PSIA.
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APPENDIX E

ANALYSIS OF EXPERIMENTAL DATA

El. TEST SECTION AND POROUS WALL !NMASS FLOW

1. Test Section Flow

The continuity equation for steady, one-dimensional

flow of a perfect gas [Ref. 22] can be expressed as
n = pAM/kgC/RT (E-1)

Stagnation temperature and pressure under similar conditions

are ¢iven by

o= Tl 4+ AKod)ae (E-2)
t 2
and
K/k-1
-1).,.2
b= PIL+ (]2 )12 (C-3)

. . .2
At the nouzle throat the area is 6.27 in° [Ref. 1] and the
‘lach number 1is 1.0 assuming choked flow. For isentropic
flow upstream of the throat and stagnation temperature con-

stant at 518.7°R, application of eguations of El, L2 and

3 sields a mass flow of 7.33 lbm/sec.




2. Porous Wall Flow

In the outlet pipe from the porous wall, P was
taken as atmospheric pressure and Tt again as constant at
518.7°R. Duct area was computed to be 0.785 inz. Total
pressure 1in the center at the duct exhaust was measured by a
Kiel probe. Equations El, E2 and E3 were applied without
correcting for viscous blockayge to obtain an upper estimate
of the mass flow through the porous wall. This mass flow
varied for different test runs depending on test section

back pressure and bleed rate control value setting but was

generally of the order of 2-3% of test section mass flow.

E2. BLADE PASSAGE PRLSSURE AND MACH WUMBER DISTRIBUTION
Tne model used in blade passage pressure and Mach num-
ber calculations 1s shown in Figure El. The passage was
divided into upper and lower halves and calculations were
carried out along the blade surfaces (pressure surface for
the upper half passage and suction surface for the lower
half passage). Shock angles were takern from 4 schlieren
vhoto¢raphs and combined with deduced surface conditions to
solve for the llach number upstream of the shocks using [Ref.

22]:

2]

2 .
M i =1
[ 220 ] )
(k +cos 2:7)+2

2 cot -
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The averayged results of these calculations are listed in
Tables E.l and E.2. Fluid property changes across the shocks
were computed using the tables of Reference 22.

1. Suction-side Calculations

The suction surface was divided into four equal
segments. Prandtl-Meyer expansions were calculated at the
discrete nodes separating these segments. Flow between nodes
was taken as being unchanged. Equal expansions were taken
at each node and flow characteristics along the suction sur-
face were computed using the éables of Reference 22. Oblique
shock impingement (Fig. L1l) was estimated to occur midway
petween the third and fourth nodes. Ealf of the last expansion
was calculated to occur prior to the shock and nalf after.
Knowing o (measured) and the upstream Mach number, ¢ was
calculated using Eguation E4. For flow parallel with the
blade surface both upstream and downstream of the shock,
equal streamline deflection must take place through the inci-
dent and reflected shocks. The details of shock wave-boundary
layer interaction [Refs. 10,23] were not considered. Local
separation at the interaction was estimated to be small due
to the presence of a turbulent boundary layer and the curved
nature of the suction surface in the vicinity of the shock
boundary layer interaction [Ref. 23]. Results of these
calculations are listed in Table E.3.

2. Pressure-side Calculations

F'low property variations along the upper half of the

passage were calculated in similar fashion. Suction surface

87
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expansions impinging on the pressure surface were not
accounted for. Results of the calculations are listed in
Table E.4.

3. Blade Row Exit Conditions

Lxit flow from both upper and lower blade surface
calculations was required to be parallel and to meet the
downstream pressure boundary condition. Downstream pressure
measuremnents were averaged and used to fix the conditions
downstream of the shocks at the blade trailing edges. Results

of these calculations are listed in Table E.5.

£3. BLADE ROW MASS FLOW

Mass flow through each blade pssage was estimated by
using the flow characteristics computed on the pressure
surface over the upper half and flow characteristics computed
on the suction surface over the lower half of the passage
at the point of minimum passage area. Flow properties were
treated as being constant from the blade surfaces to the
center of the passage. Results of the calculations are listed
in Table E.o. The computed total mass flow through all 5
blade passages was 5.45 lbm/sec. This representeca 75% of the
mass flow entering the test section. The porous wall bleed
control was closed during the test runs for which these calcu-
lations were made ¢iving zero net mass flow through the porous
wall. This suggested that 25% of the flow passed out through

the upper and lower bouncary layer scoops. Since the scoops

68




represent only 13% of the test section area, at least 123

of the mass flow was not accounted for.

This discrepancy

gauges the inaccuracy involved in the approximations made

in performing cthe flow field calculations.

E4. BLADE PRESSURE LOADING

Surface pressure distributions from Tables E.3 and L.4

were integrated along the blade chord to obtain blade loading.

Pressure distributions over the blade surfaces are plotted

in Figure L.2 as pressure coefficient.

The normal pressure

force per blade was calculated to be 6.8 1bf.

CHANGES ACROSS SEHOCKS IMPINGINCG ON THE

43.8

43.9

43.1

43.0

45.1

CHANGES ACROSS

TABLE E.1

Ml P2/Pl
1.49 1.074
1.49 1.073
1.51 1.075
1.51 1.07¢5
1.46 1.030

TABLE E.2

UCPPER NOZZLE SURFACE

P.,/P

tl
0.99996
0.99996
0.9999%96
0.99996

0.99995

PASSACE SHOCKS FROM BLADES 2, 3 AND 4

_Ml PZ/Pl

1.40 1.130

1.43 1.176

1.42 1.174
89

Pyo/P

tl
0.9995

G.999¢6

0.9996




TABLE E.3

SCCTION SURFACE FLOW CHARACTERISTICS

Station My P (PSIA) Pt(PSIA)
1 1.44 17.0 49.998
2 1.52 13.2 49.998
3 1.60 11.8 49.998
4 1.68 10.4 49.998
5 1.72 9.8 49.998
6 1.43 14.91 49.632
7 1.13 22.15 49.110
TABLE E.4

PRESSURE SURFACE FLOW CHARACTERISTICS

Station Ml P(PSIAD) Pt(PSIA)
2! 1.44 17.0 49.998
3! 1.52 13.2 49.998
4’ 1.31 15.7 49.810

TABLE E.5

BLADE PASSAGE EXIT FLOW CHARACTERISTICS

?tatlon = ‘p;_ Me
8 67.3 2.0 1.05 10.7
8' 68.6 5.0 1.01 8.3
90
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TABLE E.6

BLADE PASSAGE MASS FLOW

Passage half Mass Flow (lbm/sec)

upper 0.55

lower 0.53

total/passage 1.1
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APPENDIX F

ANALYSIS FROM DESIGN DATA

Fl. INLET CONDITIONS

In the design of the cascade model dl for minimum loss

incidence [(Ref. 9] was calculated to be 63° [Ref. 1]. The
test section was designed to allow operation with 51 = 63 - 3°.
il = 63° was taken to be the design cascade air inlet angle.
The incidence angle [Ref. 9] is defined by
. 9
i = Bl R (F-1)
and : are given in Reference 1. Calculation results in a

design incidence angle of 0.91° defined with respect to the
mean camber line [Ref. 9]. Adjustment of the test section
sidewalls to 3.26° was required to achieve the desired flow
incidence (note that the test section sidewalls were referenced

to the flat blade pressure surfaces).

F2. TURNING ANCLE
The turning angle through the blade row is given by

[Ref. 9]

= o+ 1 - 0 ° (F=2)

where the deviation angle -° is given by [Ref. 9]:

94
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..-‘ :‘O - 50 + - )
o 5 mo (F=3)

zh, The calculation was carried out using a shape correction
ng factor of 0.7, for double circular arc blades, following the
liﬁ: design correlations in Chapter 6 in Reference 9. The calcu-

lated flow turning angle was 4.3°.

F3. LOSSES

. 1. Profile Losses

‘:f Wake momentum thickness and conseguently the loss in
-

R total pressure arising from boundary layer growth on the

& blades 1s related to velocity diffusion on the blade suction
{Zj surface [Ref. 9]. The NASA diffusion factor is given by

o [Ref. 9]:

(r »

\

R cos 3, cos 8,

.,,_'... = - . . ;"\ - ~ F_
% P (1 cos 5,) 23 (tan 71 tan D2) (F-4)
S 2

g% for conditions which are planar two-dimensional, with con-
N stant through-flow velocity. In Reference 11, experience
ﬂ?? factors based on supersonic test results were applied to
!? similar design calculations. Linear interpolation between
:Q; two design points 1in Reference 11 provided a corrected

N

oS .

ﬁx diffusion coefficient D*, which was more applicahle to

L X .

-~ compressible flows.

i? Blade wake momentum thickness paramneter (.) was

iﬁ computed (following Ref. 24) using:

-._'_‘.'

-

s 95

.._::_

-

s S

./_' -

<.

Iy
RN
.

L)
NN
b .

.

.

~

v

)




“RD-R168 647 IHVESTIGRTIOI OF A NACH 14 COMPRESSOR CASCADE WITH ‘272
YARIABLE BACK PRESSURE USING FLOM VISURLIZRTION(U)

RVRL POSTGRRDURTE SCHOoL
UNCLASSIFIED

MONTEREY CA N G HEGLRND
20/4




i

£

R
-4

L ¢ i o2
—————J - k¥
e 22

e
e

It e

—
——
ree
I

B

N
O

!

I

R
.
o
@

v
Satu'al

PR TRk

K
an .

.
LY

‘B

L ¥
B PP NPT I P TY PLEATE FL PR TRV VEWEF ¥ (WO N N W VWY ViV VRt Mt AV, Saodnl
o o L o L o L, e e SR e Aw B BR 'Y I s W _ L VP P g v AT ww T Wy WS T WA

v
|

_‘\' NEAA



T w TN NN N W W T TN T TR AT u,-uT

£ = 0.005 + 0.l6(D*)4 (F=5)

The wake momentum thickness parameter is related to the blade
profile loss coefficient by

~ v (20 cosZBl)

W = (F-6)
p 2 g

cos
2

2. Secondary Flow

Losses resulting from secondary flow in the passage

were computed following Reference 25 using:

~ cos2 Sl
ul = CDi[ 3 ] (F=7)
CcOSs © 0
where
C.. = 0.04 C®css/n (F-8)
Dl . L J I
and
C = %(t n g, -t 2,)COS i (F-9)
L 0] a 1 an ) oo

.......................

------
........................

..........
..............
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3. Shock Losses

The shock losses were estimated using the method of

Wennerstrom [Ref. 13]. The method assumes the shock to be

normal to the inlet relative flow. Upstream Mach number is
computed by integrating across the blade passage from the

pressure surface to the point of shock impingement on the

suction surface. For the present application Mach number at
the suction surface was taken from the test data analysis in
Appendix E. A five point Simpson's rule numerical integration
gave the upstream Mach number. Average total pressure loss

through the shock was computed from

P - P
w = tl t2 (F—ll)

Pep — Py
Table F.1 lists the loss coefficients obtained for the
(for data taken from

maximum back pressure test condition

Appendix E).

F4. BLADE LOADING

Aerodynamic loads on the blades were computed from

L/B = CI ¢ (F=12)
taken from Reference 1, where
-k k-1 Uws:
K 2 k-1 .2 ' L
= —_ hS _— A -
3 ptl Jl(l ; 11) i 5 ) (F-13)
COs
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or only 34.2% of the worst case,

computed in Reference 1.

TABLE F.1

calculation resulted in a lift force per blade of 7.83

steady state load

CALCULATED LOSS COEFFICIENTS

Comgonent

Profile
Secondary Flow

Shock

Total

P
MY

- .. . - - . - - - . ~ . IR -»
e P P T TR TS T P T T AR (TSI
e T T T A CatA S e T A N Y S

Loss Coefficient

0.025

0.001

0.119

0.145
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i APPENDIX G
. TEST DATA
Eﬁ Results from both first and second phase tests with
\ . .
vt increasing back pressures are presented here. Run numbers
correspond to the Julian date of the test with the suffix
\ indicating specific test number on a given day. Tables G.1
- and G.2 contain results obtained with the aluminum blades

- installed. Results listed in Tables G.3 and G.4 were_ ob-
tained with the steel blades installed. Pertinent test
conditions are listed for each run (note: minimum gap re.ers
to the separation between the drum and ramp of the back

pressure control valve).
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TABLE G.1

F AL
- ‘*. 4 .'v "l ¢

i I ]
p’

CASCADE TEST 5246-1

Fs

E]

Test Conditions:
-2.35° incidence

Pto = 50.0 PSIA

PATM = 14.7 PSIA

porous wall bleed set at optimum

)

T e

- -“). LA

l'. l.' W)

.
.

EE ramp up, 0% drum
:ﬁ: taps 10 & 12 clogged
. minimum gap = 0.592 in
fi;ﬁ Tap No. Static Pressure P/Pto Mis
= 1 15.51 0.310 1.40
O 2 15.67 0.314 1.40
o 3 15.56 0.311 1.40
b 4 15.56 0.312 1.40
- 5 15.74 0.315 1.40
] 6 15.88 0.318 1.39
7 16.18 0.324 1.38
- 8 16.25 0.325 1.38
- 9 16.18 0.324 1.38
@) 10 14.79 0.296 1.44
i 11 16.24 0.325 1.38
S 12 14.69 0.294 1.45
- 13 15.19 0.304 1.42
g 4 14 15.33 0.397 1.42
o 15 14.97 0.299 1.43
o 16 14.98 0.300 1.43
2 17 15.46 0.309 1.41
A 18 15.11 0.302 1.43
o~ 19 16.65 0.333 1.36
f%f 20 16.12 0.322 1.38

100
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TABLE G.2

CASCADE TEST 5246-2

Test Conditions:
-2.35° incidence
Pto = 50.0 PSIA
PATM = 14.7 PSIA
porous wall bleed set at optimum
ramp up, 100% drum

tap 10 clogged

minimum gap = 0.592 in

Tap No. Static Pressure P/Pto Mis
1 15.27 0.305 1.42
2 15.27 0.311 1.40
3 17.51 0.350 1.32
4 17.54 0.351 1.32
5 17.19 0.344 1.34
6 17.28 0.346 1.33
7 17.89 0.358 1.31
8 18.02 0.360 1.30
9 17.91 0.358 1.31
10 14.61 0.292 1.45
11 19.02 0.380 1.26
12 19.12 0.382 1.26
13 17.09 0.342 1.34
14 17.12 0.342 1.34
15 16.91 0.338 1.35
16 16.85 0.337 1.35
17 17.43 7.349 1.32
18 17.15 0.343 1.34
19 16.61 0.332 1.36
20 16.49 0.330 1.36

£

&
1 I 3
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.;i& TABLE G.3
’ CASCADE TEST 5329-2
Test Condition A:
ﬁ: 0.91° incidence
E?j P, = 50.0 PSIA
;; Papy = 14-7 PSIA
V) porous wall bleed open
_.’_ ramp up, 0% drum
'_:“,.j tap 10 clogged
; minimum gap = 0.335 in
o Tap No. Static Pressure P/Pto __M_i_S_
~ 1 15.93 0.319 1.39
;: 2 16.94 0.339 1.35
o 3 17.62 0.352 1.32
o 4 17.66 0.353 1.32
o 5 16.86 0.337 1.35
=8 6 16.50 0.330 1.37
- 7 17.82 0.356 1.31
Qo 8 17.87 0.357 1.31
o 9 17.72 0.354 1.31
W 10 14.88 0.298 1.44
e;' 11 18.96 0.379 1.26
5o 12 18.95 0.379 1.26
o 13 17.16 0.343 1.34
- 14 17.40 0.348 1.33
o4 15 16.90 0.338 1.35
R 16 16.77 0.335 1.35
T 17 17.50 0.350 1.32
i 18 17.20 0.344 1.33
Py 19 14.64 0.293 1.45
= 20 14.96 0.299 1.45
b
o
;}j . 102
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o0 Test Condition B:
4 0.91° incidence

B P, = 50.0 PSIA

" = to

e Papy = 14.7 PSIA

N porous wall bleed open

.;\ ramp up, 100% drum

tap 10 clogged

- minimum gap = 0.335 in

o Tap No. Static Pressure P/P Mg
. 1 15.58 0.312 1.41
e 2 16.91 0.338 1.35
e 3 20.35 0.407 1.21
i‘ 4 20.39 0.408 1.21
b 5 18.29 0.366 1.29
Sy

5 6 17.76 0.355 1.31
oY 7 20.99 0.420 1.19
.x.

o 8 21.00 0.420 1.19

9 20.98 0.420 1.19

5 10 14.86 0.297 1.44
1{ 11 21.57 0.431 1.17
O] 12 21.65 0.433 1.16
y- 13 19.81 0.396 1.23
ny 14 20.00 0.400 1.22
o 15 19.51 0.390 1.24
L 16 19.50 0.390 1.24
L 17 20.01 0.400 1.22
o 18 19.79 0.396 1.23
AN 19 14.49 0.290 1.46
® 20 14.83 0.297 1.44
i

]
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Test Condition C:
0.91° incidence
Pto = 50.0 PSIA

PATM = 14.7 PSIA

ramp up, 100% drum
tap 10 clogged

minimum gap = 0.335 in
Tap No. Static Pressure
1 15.47
2 16.38
3 23.38
4 23.40
5 23.19
6 22.93
7 23.73
8 23.77
9 23.75
10 14.83
11 23.64
12 23.63
13 23.29
14 23.30
15 22.99
16 22.90
17 23.28
18 22.90
19 17.56
20 14.47
104
........ A R e T R

................

porous wall bleed set closed (optimum)

to
0.309
0.328
0.468
0.470
0.464
0.459
0.475
0.475
0.475
0.297
0.473
0.473
0.466
0.460
0.460
0.458
0.466
0.458
0.351
0.289

. «
i i il ;_.;L.-._._lu.-

is
.41
.37
.10
.10
.11
.12
.09
.09
.9
.44
.09
.09
.10
.10
.10
.12
.10
.12
.32
.46
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TABLE G.4

CASCADE TEST 5330-2

Test Condition A:
0.91° incidence

Pto = 50.0 PSIA

pATM = 14.7 PSIA

porous wall bleed set closed (optimum)

ramp down, 0% drum

tap 10 clogged

minimum gap = 0.154 in
s;%i Tap No. Static Pressure
SR 1 16.30
L 2 16.20
& 3 12.65
E‘:f\ 4 12.67
.}j.\x 5 12.94
e 6 12.57
“ 7 12.85
:_7::2:;: 9 12.84
e 10 14.77
11 12.71
12 12.55
13 12.23
14 12.24
15 12.23
16 12.23
17 12.51
18 12.38
19 17.66
20 14.54

105

pP/P

O O O O O O O O O © © O o o o o o o o o

to

.326
.324
.253
. 254
.259
.251
.257
. 257
.257
.295
.254
.251
. 245
.245
. 245
. 245
.250
.248
. 353
.291

I e I e e R R R L T T T = = T = o T = SR SR S

is

.37
.38
.55
.55
.54
.56
.54
.54
.54
.44
.55
.56
.57
.57
.57
.57
.56
.56
.32
.46
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Test Condition B:
0.91° incidence
P = 50.0 PSIA

to
pATM = 14.7 PSIA
porous wall bleed set closed (optimum)
ramp up,0% drum

tap 10 clogged

minimum gap = 0.154 1in
Tap No. Static Pressure P/Pto Mis
1 16.21 0.324 1.38
2 16.95 0.339 1.35
3 18.71 0.374 1.27
4 18.75 0.375 1.27
5 17.41 0.348 1.33
6 17.15 0.343 1.34
7 19.45 0.389 1.24
8 19.50 0.390 1.24
9 19.46 0.388 1.25
10 14.71 0.294 1.45
11 19.43 0.389 1.24
12 19.40 0.388 1.25
13 18.39 0.368 1.29
14 18.51 0.370 1.28
15 18.01 0.360 1.30
16 17.98 0.360 1.30
17 18.56 0.371 1.28
18 18.27 0.365 1.29
19 17.78 0.356 1.31
20 14.59 0.292 1.45
106
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Test Condition C:
0.91°

ATM
porous wall bleed set closed

ramp up,
tap 10 clogged

minimum gap

Tap No.

Q0 ) o U e W N

11
12
13
14
15
16
17
18
19
20

incidence
50.0 PSIa
14.7 PSIA

0.154 in

Static Pressure

(optimum)

P/P

lé6.
lo.
19.
19.
17.
17.
.98
20.
19.
14.
19.
19.

19

18

07
96
35
39
71
35

10
97
75
61
61

.90
19.
18.
18.
19.
18.
17.
14.

12
58
53
19
74
75
60

O O O O O O O O O O O O O O O O o o o o

.321
.329
. 387
.388
. 354
. 347
.400
.402
. 399
.295
.392
. 392
.378
.382
.372
.371
.384
.375
. 355
.292

et e e T e T T T S R e T e T e R S O

—
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.38
.35
.25
.25
.31
.33

~

. &L

.22
.22
.44
.24
.24

o
o6]

"al.sr. oA _m . .a”



Test Condition D:
0.91° incidence
P = 50.0 PSIA

to
PATM = 14.7 PSIA
porous wall bleed set closed
ramp up, 50% drum

tap 10 clogged

minimum gap = 0.154 in
Tap No. Static Pressure

1 15.93
2 16.96
3 21.46
4 21.50
5 19.52
6 19.02
7 22.07
8 22.11
9 22.07
10 14.78
11 21.90
12 21.91
13 20.97
14 21.10
15 20.97
16 20.69
17 21.14
18 20.938
19 17.84
20 14.60

(optimum)

P/Pto

.319
.339
.429
.430
. 390
. 380
.441
.442
.441
.296
.438
.438
.419
.422
.419
.414
.423
.420
. 357
.292

o O O O O O O O O O 0O O O 0o o o o o o o

is

e i = =l = = = o T R S R e S S S N

.39
.35
.17
.17
.24
.26
.15
.14
.15
.44
.15
.15
.19
.18
.19
.20
.18
.19
.31

.45
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‘;ﬂ. Test Condition E:
7.. 0.91° incidence

R

RN ATM ~ T°
;{ porous wall bleed set closed (optimum)

vy ramp up, 75% drum
:;E tap 10 clogged
.E? minimum gap = 0.154 in
Tap No. Static Pressure P/Pto Mis

L 1 15.62 0.312 1.40
= 2 16.72 0.334 1.36
::F 3 23.33 0.467 1.10
o 4 23.34 0.467 1.10
- 5 23.19 0.464 1.11
~ 6 22.97 0.459 1.12
o 7 23.78 0.476 1.09
R 8 23.78 0.476 1.09
- 9 23.77 0.475 1.09
o 10 14.73 0.295 1.44
63' 11 23.66 0.473 1.09
X 12 23.64 0.473 1.09
o 13 23.18 0.464 1.11
s 14 23.21 0.464 1.11
= 15 22.89 0.458 1.12
- 16 22.85 0.457 1.12
S 17 23.15 0.463 1.11
;;5 13 22.95 0.459 1.12
® 19 17.64 0.353 1.32
%ﬁ 20 14.46 0.289 1.46
i

Y,
!

z

Yy 109

[l

. O R -~ RN A N I A T S T S T PO T ) L) ~ AR A
N e A T \_\.\1\:\1\-51$bn:.;\<\_u_“_ut"~\_“{\r\~$sz5 e
A A * A ] N . o A R " 4 [ ) N - . -

.....................



Test Condition F:
0.91° incidence
P = 50.0 PSIA

to
pATM = 14.7 PSIA
porous wall bleed set closed
ramp up, 100% drum

tap 10 clogged

minimum gap = 0.154 in

Tap No. Static Pressure
1 15.42
2 16.57
3 23.72
4 23.78
5 23.46
6 23.19
7 24.06
8 24.08
9 24.05
10 14.69
11 24.02
12 24.01
3 13 23.66
ﬁ 14 23.64
) 15 23.30
g . 16 23.23
-~ 17 23.52
- 18 23.35
5 19 17.48
0; 20 14.34

(optimum)

P/P

to

O O O O O O O O O O O O o © o o o o o o

.308
.331
.474
.476
.469
.464
.481
.482
.481
.294
.480
.480
.473
.473
.466
.465
.470
.467
. 350
.287

M.
1ls

.41
.36
.09
.09
.10
.11
.08
.08
.08
.45
.08
.08
.09
.09
.10
.10
.10
.10
.32
.46
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